We predict theoretically that stable subwavelength plasmonic lattice solitons (PLSs) are formed in arrays of metallic nanowires embedded in a nonlinear medium. The tight confinement of the guiding modes of the metallic nanowires, combined with the strong nonlinearity induced by the enhanced field at the metal surface, provide the main physical mechanisms for balancing the wave diffraction and the formation of PLSs. As the conditions required for the formation of PLSs are satisfied in a variety of plasmonic systems, we expect these nonlinear modes to have important applications to subwavelength nanophotonics. In particular, we show that the subwavelength PLSs can be used to optically manipulate with nanometer accuracy the power flow in ultracompact photonic systems. DOI: 10.1103/PhysRevLett.104.106802 PACS numbers: 73.20.Mf, 42.82.Et, 78.67.Pt, 78.68.+m The downscaling of photonic devices for confining and manipulating optical energy at the nanoscale is one of the major challenges of nanophotonics [1] . When the size of conventional optical circuits is reduced to nanoscale, the spatial confinement of light is inherently limited by diffraction. One effective approach to overcome this limitation is to use surface plasmon polaritons (SPPs) [2, 3] . In particular, by using SPP modes of metallic nanowires [4], chains of resonantly coupled metallic nanoparticles [5, 6] , tapered plasmonic waveguides [7] , or cylindrical metallic gratings [8] one can spatially confine and guide optical energy over distances much smaller than the wavelength. These basic guiding nanostructures can be assembled in more complex plasmonic systems, such as Y splitters, Mach-Zehnder interferometers, and waveguide-ring resonators [9] . Despite these promising developments, there remains a basic challenge that one has yet to overcome in order to fully exploit the technological potential of plasmonic devices: they must provide the critical functionality of all-optic active control of light at nanoscale. Because of the strong enhancement of the field induced by the excitation of SPPs, and, consequently, the increased optical nonlinearity, SPPs are particularly suited for providing this functionality. While basic nonlinear optical processes have been demonstrated in a variety of plasmonic nanostructures, e.g., optical limiting and self-phase modulation in chains of structured nanoparticles [10] or secondharmonic generation in nanostructured metallic films [11, 12] , the physical constraints imposed by large in-plane extent of the optical field and out-of-plane operation of some of these devices preclude their integration in ultracompact plasmonic systems.
The downscaling of photonic devices for confining and manipulating optical energy at the nanoscale is one of the major challenges of nanophotonics [1] . When the size of conventional optical circuits is reduced to nanoscale, the spatial confinement of light is inherently limited by diffraction. One effective approach to overcome this limitation is to use surface plasmon polaritons (SPPs) [2, 3] . In particular, by using SPP modes of metallic nanowires [4] , chains of resonantly coupled metallic nanoparticles [5, 6] , tapered plasmonic waveguides [7] , or cylindrical metallic gratings [8] one can spatially confine and guide optical energy over distances much smaller than the wavelength. These basic guiding nanostructures can be assembled in more complex plasmonic systems, such as Y splitters, Mach-Zehnder interferometers, and waveguide-ring resonators [9] . Despite these promising developments, there remains a basic challenge that one has yet to overcome in order to fully exploit the technological potential of plasmonic devices: they must provide the critical functionality of all-optic active control of light at nanoscale. Because of the strong enhancement of the field induced by the excitation of SPPs, and, consequently, the increased optical nonlinearity, SPPs are particularly suited for providing this functionality. While basic nonlinear optical processes have been demonstrated in a variety of plasmonic nanostructures, e.g., optical limiting and self-phase modulation in chains of structured nanoparticles [10] or secondharmonic generation in nanostructured metallic films [11, 12] , the physical constraints imposed by large in-plane extent of the optical field and out-of-plane operation of some of these devices preclude their integration in ultracompact plasmonic systems.
In this Letter, we present a very promising approach to achieve subwavelength confinement of the optical field guided by plasmonic nanostructures. In the proposed plasmonic nanostructure, which consists of an array of closely spaced parallel metallic nanowires embedded in a nonlinear optical medium (see Fig. 1 ), the optical nonlinearity induced by the field of the guiding modes of the nanowires compensates the discrete diffraction due to the optical coupling among the nanowires. As a result, nonlinear collective modes, which we call plasmonic lattice solitons (PLSs), are formed in the plasmonic array. Because the radius a of the nanowires and their separation distance, d, are much smaller than the operating wavelength, , the spatial width of the PLSs can be significantly smaller than . Importantly, this remarkable property of PLSs cannot be achieved by using dielectric waveguide arrays, which also support discrete solitons [13] [14] [15] [16] [17] , as the transverse size of such waveguides is comparable or larger than the wavelength.
Our analysis of the dynamics of PLSs is based on an extension to the nonlinear case of a coupled-mode theory, which captures the full vectorial character of the propagating modes of the metallic nanowires [18] . This fully vectorial description of the PLSs is essential for a rigorous analysis of their physical properties since the electric field of the modes of metallic nanowires has a large longitudinal component and therefore it cannot be described by a scalar function. Moreover, our analysis of the PLSs applies to the general case of a complex dielectric constant and as such it fully accounts for the losses in the nanowires. In particular, we use the Drude model for the dielectric constant of the metal, m ð!Þ ¼ 1 À 
R
S ½e ðnÞ Â h ðnÞÃ þ e ðnÞÃ Â h ðnÞ ÁẑdS is the mode power. For simplicity, we assumed that the nanowires have only the fundamental TM mode (h z ¼ 0), whose nonvanishing field components, e r , e z , and h , depend only on the radial coordinate, r ? . These field components can be found analytically by solving the Maxwell equations, while the dispersion relation (the dependence of the complex propagation constant ¼ r þ i i on !) can be determined by imposing continuity conditions on the tangent fields at the metal-dielectric interface. As illustrated in Fig. 1(a) , the large dielectric constant of metals, combined with the subwavelength transverse size of the nanowire, leads to a strong dependence of on the wavelength.
To find the mode amplitudes, we start from the unconjugated form of the Lorentz reciprocity theorem [20] ,
where (E 1 , H 1 ) and (E 2 , H 2 ) are solutions of the Maxwell equations corresponding to the dielectric constants 1 ðrÞ and 2 ðrÞ, respectively. If we choose (E 1 , H 1 ) and (E 2 , H 2 ) to be the fields in the plasmonic array and the fields of a backward (Àz) propagating mode in the nth nanowire, respectively, and 1 ðrÞ ¼ ðr ? Þ þ nl ðrÞ and 2 ðrÞ ¼ ðnÞ ðr ? Þ the corresponding dielectric constants (here nl is the nonlinear change in the dielectric constant), the Eq. (1) leads to the following system of coupled equations describing the mode amplitudes a n ðzÞ:
In these equations c nm ¼ (2) we have neglected the nonlinear interaction among the nanowires, i.e., nl ðrÞ % 2 0 n b n 2 P n n ðr ? Þ P n ja n ðzÞj 2 . Our calculations show that if d is of the order of a few hundred nanometers ðc n;nAE1 þ c nAE1;n Þ=c nn < 1% and thus the corresponding terms in Eq. (2) can be neglected. Moreover, by rescaling the mode amplitudes, a n ðzÞ ¼ ffiffiffiffiffi ffi P 0 p n ðzÞ exp½ið À K nn =c nn Þz, with P 0 the power in the zeroth nanowire, the system (2) can be simplified as
where ¼ ÀK n;nAE1 =c nn and ¼ ÀP 0 À nn =c nn . This is the discrete nonlinear Schrödinger equation, which is known to have soliton solutions [13] . We emphasize that for our plasmonic array < 0, so that the linear dispersion relation, k z ¼ 2 cosðk x dÞ, implies that anomalous (normal) diffraction occurs at k x ¼ 0 (k x ¼ =d), which is opposite to the case of dielectric waveguide arrays. The soliton solutions of Eq. (3) are sought in the form n ðzÞ ¼ u n expðizÞ, where the amplitudes u n are independent of z and is the soliton wave number. We found that our plasmonic array supports two types of PLSs, unstaggered and staggered solitons. In the case of unstaggered (staggered) PLSs the phase difference of the mode amplitudes in adjacent nanowires is equal to zero (). The spatial profile of the amplitude and longitudinal field of unstaggered (staggered) PLSs corresponding to a nonlinear index change of n nl ¼ À0:05 (n nl ¼ 0:05), with n nl ¼ 2 nl =ð 0 n b Þ, are shown in Fig. 1(b) [ Fig. 1(c) ]. Note that due to the inverted linear dispersion relation, staggered (unstaggered) solitons are formed in self-focusing (selfdefocusing) media, which is opposite to the case of dielectric waveguide arrays [17] . Importantly, the soliton full width at half maximum is w % 0:6, i.e., the soliton has subwavelength extent. The dependence of the soliton width on n nl is presented in Fig. 2 . As expected, this figure shows that the soliton width decreases with the strength of the induced nonlinearity and increases with the wavelength. Figure 3 shows the propagation of a staggered PLS in the plasmonic array. It can be seen that in the lossless ( ¼ 0) linear propagation regime (n 2 ¼ 0), the plasmon field experiences significant discrete diffraction [see Fig. 3(a) ]. However, when the optical nonlinearity is taken into account, the plasmon field maintains its shape during propagation, which means that a PLS is formed. When the optical losses are included, the absorption coefficient is 2ImðÞ ¼ 910 cm À1 , which corresponds to a decay length of 11 m. On the other hand, Fig. 3(c) illustrates that when both optical losses and the nonlinearity are included, the plasmon field of the PLS retains its initial width over a propagation distance of $20 m. Thus, an experimental observation of subwavelength PLSs can be realized even without a gain medium. A solitonlike propagation requires a gain of g ¼ 910 cm À1 , which can be easily achieved in a practical experimental setting [21] .
In a common experimental setting, solitons are excited from input Gaussian optical beams, which do not have the exact profile of the actual soliton. We therefore investigate the excitation of PLSs from Gaussian beams whose width and amplitude are optimized so as to lead to the shortest soliton formation length, which is the distance required for a beam to reshape itself into a soliton. The generic scenario of soliton formation is illustrated in Fig. 4 . It shows that during a propagation distance of just a few tens of micrometers the input beam sheds off part of its energy as radiative waves, the remaining plasmon field evolving into the PLS. During this latter transient stage the width 3 ) , respectively. The dot in (a) corresponds to the soliton in Fig. 1(c) . In order to illustrate the technological potential of PLSs, e.g., to subwavelength chip-level active nanodevices, we show that the dynamics of PLSs in the plasmonic array can be easily controlled via optical means. To this end, we launched into the plasmonic array a staggered PLS with an initial phase tilt, n ð0Þ ¼ u n expðik 0 xÞ, with k 0 being the transverse wave number. Figure 5 presents the power dependence of the dynamics of the PLS in the plasmonic array. Thus, at low input power, P in , the PLS moves across the array, the transverse shift increasing with k 0 . However, as P in increases, the transverse shift of the plasmon field decreases, and, finally, for P in exceeding a certain threshold value, the PLS is trapped at its initial location. Although a similar soliton dynamics have been observed in dielectric waveguide arrays [17] , PLSs provide the critical functionality of all-optical control with subwavelength precision of the spatial confinement of the optical field (note that d < =4 for the plasmonic array in Fig. 5 ).
It should be noted that unlike the plasmon solitons in layered metallo-dielectric structures [22, 23] , the PLSs discussed here can readily be extended to 2D geometries, in which case new types of nonlinear plasmonic modes, such as discrete plasmonic vortex solitons, should exist. As shown in Figs. 5(c) and 5(d), PLSs can form in 2D plasmonic arrays, their size being subwavelength in this case, too (w ¼ 0:72). Furthermore, the existence of subwavelength PLSs is not limited to arrays of metallic nanowires. They can be excited in any system of coupled plasmonic waveguides, as long as the transverse dimension of the waveguides is much smaller than the wavelength. Thus, one can consider arrays made of coupled wedge waveguides [9] or coupled chains of interacting metallic nanoparticles [10] . Moreover, the size of the plasmonic array, and implicitly the size of the PLSs, can be significantly reduced if one uses deeply scaled down nanostructures, such as metallic carbon nanotubes [24, 25] .
In summary, we have demonstrated theoretically that subwavelength PLSs are formed in 1D arrays of metallic nanowires embedded into a host dielectric medium with Kerr nonlinearity. The excitation of PLSs from Gaussian beams has also been investigated and their potential use to all-optical nanodevices has been discussed. We expect these results to enable exciting new developments in nanophotonics and subwavelength optics.
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